The effect of post-treatment with inhibitors of D N A synthesis (hydroxyurea, aphidicolin) and repair (caffeine, 3-aminobenzamide) on the frequencies of chromosomal aberrations and sister chromatid exchange (SCE) induced by mitomycin C and decarbamoyl mitomycin C both in Chinese hamster cells and in human lymphocytes in virro has been studied.
INTRODUCTION
cellular repair. Unrepaired or misrepaired le-Several lines of evidence indicate that chromosomal rearrangements may be one of the steps in carcinogenesis, even if it is not completely known which types of genetic alteration are more relevant in this process (1, 2). However, the mechanisms of production of chromosomal aberrations following treatment with mutagens or carcinogens are not fully understood.
Chromosome breaking agents induce a variety of DNA lesions, such as single-and double-strand breaks, apurinic and apyrimidinic sites, cross-links, etc. The primary lesions do not necessarily give rise to chromosomal aberrations, since they are subject to Presented at the Second International Symposium sponsored by the Universities of Sassari and Cadiari. Session I: "Genetic Expression and Cell Transformation." October 12-15. Alghero. Italy. This symposium section will be continued in Volume 12, Number 4, 1984.
sions lead to chromosomal aberrations (3,4).
According to Kihlman (5), chromosome breaking agents can be classified operationally into "S-dependent" agents, like UV and a€kylating agents and '%-independent" agents like X-rays and bleomycin. The S-independent agents produce chromosomal aberrations independently of chromosome and semiconservative DNA replication, whereas the Sdependent agents produce lesions that must be replicated in order to give rise to chromosomal aberrations. Evans and Scott (3) suggested that chromosomal aberrations involved a misrepair process if induced by Sindependent agents and a misreplication process if induced by S-dependent agents.
Recently another hypothesis has been suggested by Kihlman et al. (6) : the damage produced by S-dependent agents has to be replicated before mistakes in connection with a repair process occur and this process takes 2 70 PALITTI ET AL TOXICOLOGIC PATHOLOGY place in G, giving rise to chromatid-type of aberrations.
Our recent results have confirmed the existence of unrepaired lesions in DNA of mutagen-treated cells which persist until the cells enter mitosis and that the repair of these lesions can be effectively inhibited at this stage (7) .
We believe that at least three processes are relevant in the formation of chromatid type of aberrations, operating in G,. These include (a) DNA repair, (b) replicative DNA synthesis, and (c) chromatin condensation.
It is generally agreed that sister chromatid exchanges (SCE) are formed during the S phase (8) in connection with disturbances at DNA replicating fork (9, 10) .
In order to test whether there is any residual DNA synthesis in G,, the effect of Gz posttreatments with inhibitors of DNA synthesis and repair on the induction of both chromosomal aberrations and SCE has been studied.
Chinese hamster cells or human lymphocytes were treated with S-dependent agents (mitomycin C (MMC), decarbamovl mitomycin C (DCMMC)) and challenged during G, with inhibitors of DNA synthesis (hydroxyurea (HU), aphidicolin (APC)) and DNA repair (caffeine, 3-aminobenzamide (3AB)) (11).
METHODS
An established CHO cell line was used. The cells were grown in Ham's F-10 medium (Flow) supplemented with 15% newborn calf serum (Flow). Human peripheral lymphocytes from two healthy donors were used. They were cultured in Ham's F-10 medipm supplemented with 20% fetal calf serum in the presence of 0.05 ml of phytohemagglutinin (PHA).
Chemicals. MMC from Kyowa (Japan), DCMMC, a gift of Prof. Kihlman, APC from Doctor Todd (ICI, Great Britain), BrdUrd, HU, and 3AB from Sigma, and caffeine from Merck were used.
Treatments. For CHO cells, exponentially growing cultures were incubated in the presence of BrdUrd (3 pg/ml) for 10 hr. They were then exposed to MMC (0.1 pg/ml) or to DCMMC'(0.125 pg/ml) for 2 hr. After the mutagenic treatment, the cells were washed and grown for 17 hr in medium with BrdUrd.
2 hr before harvesting 5 X lo-' M colchicine together with 5 mM HU or 5 mM 3AB or 5 mM caffeine was added to the medium (Fig. 1 ). For human lymphocytes, PHA-stimulated cultures were incubated with 9 pg/ml of BrdUrd for 76 hr. 48 hr after stimulation the cultures were treated with 0.6 pg/ml of MMC (donor A) or 0.8 pg/ml of DCMMC (donor B) Vol. 12, No. 3, 1984 INHIBITORS OF DNA REPAIR 271 until harvesting. 3 hr before fixation, colchicine together with 5 mM HU or 5 pg/ml of APC or 5 mM caffeine was added (Fig. 1 ).
Air-dried preparations were made and for differential staining the technique of Palitti et aI. (12) was used. For each experimental point, 40 metaphases were scored for SCE and 100 second divisions cells for chromosomal aberrations.
RESULTS A N D DISCUSSION
The data presented in the tables show that both Chinese hamster cells and human lymphocytes, treated only with inhibitors together with colchicine, did not respond with increased frequencies of chromatid aberrations or SCE over the controls. In the case of MMC-treated hamster cells (Table I] , there is an increased frequency of both chromatid aberrations and SCE after a G, post-treatment with the three inhibitors (HU, 3AB, caffeine). In the case of the DCMMC-treated cells there is no increase in the frequency of either chromatid aberrations or SCE after the same G, treatment.
The results obtained in human lymphocytes are reported in Tables I1 and 111 . The MMC-treated cultures show an increased frequency of both chromatid type of aberrations and SCE after a GZ post-treatment with caffeine or APC, whereas only .a slight increase follows the post-treatment with HU (Table 11 ).
In the case of DCMMC-treated cultures, the frequency of SCE and chromatid aberrations "Caffeine (5 mM), 3AB (5 mM) and Hu (5 mM) treatment during the last 2 hr before fixation in the presence of colchicine. 'Caffeine (5 mM), HU (5 mM), and APC (5 pg/ml) treatment during the last 3 hr before fixation in the presence of colchicine.
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is not affected by the G, post-treatment with any of the three inhibitors (Table 111) The data presented here confirm our previous results and demonstrate that if, after a GZ post-treatment with replication or repair inhibitors, there is an increase in the frequency of chromosomal aberrations, there is also a potentiation of SCE frequency. MMCinduced SCE and chromatid aberrations are enhanced while DCMMC-induced SCE and chromatid aberrations are not affected.
It is noteworthy that the enhancement pattern is the same for SCE and chromosomal aberrations; caffeine is the best potentiating agent for both parameters.
Moreover, since SCE are formed in connection with DNA replication (8) an increase in the frequency of SCE in the G2 phase, observed in MMC-treated cells, might suggest that after mutagenic treatment with some Sdependent agents there is a residual DNA synthesis still going on very late in the cell cycle.. Thus, increased chromosome damage is caused by HU and APC by directly affecting DNA synthesis and by caffeine by reducing the G2 delay induced by mutagenic treatment (13). . A possible candidate for this DNA synthesis in Gz is the joining u p of replicative chromosome subunits represented by replication clusters. This hypothesis is supported by van7 Hofs observation (14) that in Pisum sativum and Physarium polycephalum the joining up of replication clusters does not occur until the first half of G,. It could be speculated that the presence of DNA damage at replication would disrupt the order of replication of different clusters and the joining of contiguous clusters could be delayed until
